Introduction
Planktonic microalgae form the photosynthesizing vegetation of the open oceans, of the pelagic zones of deeper lakes, reservoirs and of some other types of freshwaters. In addition, they are of applied interest in aquaculture and aerobic wastewater treatm ent in ponds.
Prediction of the productivity o f microalgal canopies has to be based on the knowledge of the complex relations between photosynthetic produc tion (g m -2 d-1), light energy input (m-2), and tem perature. The principles o f these interrelationships have to be investigated under conditions where pro ductivity is not limited by other external factors like nutrient supply and turbulence. Lim itations of that kind appear to prevail under natural conditions to such an extent that the classic modelling of pro ductivity of phytoplankton populations considered up to now only light intensity and light attenuation as the decisive factors [1 -3] , but not temperature.
O f course, tem perature is one of the ecological key factors in microalgae, too. Ecological observa tions and laboratory experim ents have led to the distinction between psychrophilic, mesophilic and Reprint requests to Prof. C. J. Soeder.
0341-0382/85/0300-0227 $ 0 1 .3 0 /0 thermophilic microalgae, displaying optim um tem peratures below 20 °C (or even below 10 °C), be tween 20 and 35 °C, and above 35 °C, respectively. After the pioneering work of Shelef [4] on growth kinetics of Chlorella sorokiniana TX-7105 in a chemostat, Tiwari et al. [5] were probably the first to publish a formula describing the combined action of tem perature and light on autotrophic pro duction of biomass and oxygen. A simplified version of their formula has been numerically adapted and applied to data from Scenedesmus obliquus growing under field conditions [6] . An analogous approach for the prediction of produc tivity in high-rate algal ponds [7] should also be mentioned here.
By cultivating periodically diluted suspensions of the green microalga, Scenedesmus obliquus, in a light-and-dark cycle of 16: 8 hours at various con stant temperatures, we obtained net daily yields which resulted from production during the light period minus the respiratory losses during the dark period as is the case under natural field conditions.
Besides describing the influence of tem perature and biomass concentration on growth intensity and productivity (i.e biomass increase per unit volume and day), it is the purpose of this paper to answer the question to what degree the tem perature sensi tivity of growth intensity, expressed as Arrhenius constant or Q l0 value, and activation or deactivation energy depend on the relative light energy input per unit biomass and day. The mathem atical analysis and modelling of grow th-tem perature curves of Scenedesmus obliquus will be dealt with in a sub sequent publication [8 ] .
Materials and Methods
Scenedesmus obliquus (Turp.) Kütz. (strain SAG 276-3a of the Göttingen C ulture Collection) was grown axenically in mineral m edium N 8 containing nitrate as the sole nitrogen source in a light-darkcycle of 16 : 8 h as described before [9] , The cultures were continuously gassed with 1 vol.% C 0 2 in air and irradiated during the light periods from one side of the therm oconstant water bath with 6 fluo rescent lamps (OSRAM 1/32, 40 W, 220 V, 100 cm long) which gave an irradiance o f about 78 |iE m-2 sec-1 at the surface of the culture tubes (liquid volume: 300 m l/culture).
At the beginning of each light period all cultures were diluted back to their respective optical density (O.D.) values ranging from 0.02 to 1.20. Algal dry m atter concentration (DW ) and O.D. at 560 nm were determ ined as described earlier [9] . Optical densities were measured, however, in cylindrical cuvettes using a Medico photom eter (Lange, Ber lin). G rowth intensity (GI) was determ ined from:
factor" [9] which has the disadvantage of being 1 instead of 0 at zero growth. A growth rate |i should not be calculated from data on autotrophic Organis mus growing in a light-and-dark cycle, because they reach neither constant exponential growth nor true steady states. Productivity (P ) was determ ined as DW24 -DW 0 (mg I-1 d -1). The cultures were grown at 20 °C, and after obtaining 2 to 4 representative growth values in a quasi-steady state, the tem perature was in creased stepwise so that corresponding values could be obtained at each tem perature level.
Goldm an and Carpenter [12] pointed out that it is possible to describe the growth rate ((i) solely as a function of tem perature, if light intensity is con stant, by using the Arrhenius equation:
where A = constant which is the Arrhenius fre quency factor per day, E -activation or deactiva tion energy or temperature characteristic (kJ * mol-1), R = universal gas constant, and T = absolute tem perature in °K.
In the present study G I is used instead of //. By com puter fitting of log GI against \/T , the gradient of the straight lines equal -E /2.303 R which allows by equation (2) the determ ination of E. From the latter the tem perature coefficients Q 10 are calculat ed after [13] using the equation:
For normalization Q l0 was always calculated for the tem perature range 10 to 20 °C. This was done even though no measurements were m ade below 20 °C, for standardization and comparison purposes. For the numerical fitting of measured values to the individual Arrhenius equations and for statis tical evaluation of the fits, xq and E were calculated according to:
ln GI = (xq -E /R * T~') (4) where x0 is again the Arrhenius frequency factor.
Results
where O.D. could also be replaced by DW. The Average growth intensities as calculated from term GI replaces the form er "daily increment O.D. measurements are sum m arized in Table I , the results of productivity determ inations at the various temperatures in Table II . Arrhenius plots of GI are shown in Fig. 1 , whilst activation energies, deactiva tion energies, and £io values are given in Table III .
The productivity measurements could also have been used for these calculations; the only difference would have been a change in the frequency factor (A). The Arrhenius plots ( A pattern is also evident in the slopes A -B of the Arrhenius curves for GI (Fig. 1) , and hence of the (Table III) . Unlike the stim ulating influence o f tem perature below Fopt, tem perature stress above ^opt leads to a pronounced drop of GI. This is expressed by the negative slopes A -C of the Arrhenius curves (Fig. 1) . The relation between the respective de activation energies and O .D .0 (Table III) The experimentally imposed differences in bio mass concentration (expressed as O.D.0) implied that the effective light energy per cell decreased with increasing O.D.0. It is therefore considered im portant to have some indication of the light availability per cell. Since this was not measured directly, the inverse of O.D.0 was considered to be one possibility, and another is to calculate the rela-tive light availability as a percentage, assuming 100% illuminance at 0 ,D .0= 0 , and using the for mula: ln /Zi = l n / Zo -fiZi (5) where / zi = illuminance at a depth Z ;, 7Zo = illu minance at the surface and e = attenuation coeffi cient (in this case it was substituted with the O.D. measurements). At all relative light availabilities, GI below 7^pt increased with tem perature (Fig. 4) , the response being the greatest at the highest relative light avail ability and vice versa. The response of GI to tem perature was maximal at tem peratures approaching 7^pt. Above 7^pt the GI increased slightly with an increase in available light, but then rem ained fairly constant at a low rate. Productivity also increased below 7^pt with in creasing tem perature (Fig. 4) , but it decreased at levels of higher light availability. At 20 °C the peak is at about 40% relative light availability, at 24 °C it is at 60% and at 32 °C about 65%. These results can be explained by the fact that significant quantities o f light will not be utilized at the low optical densities (i.e. high light availability), simply be cause there is not enough biomass present to utilize the available light. At higher O.D.0, a portion of the cells will be light starved and consequently photosynthetically less active with the result that biomass will actually be lost due to respiration. The peak then represents the density where the interplay be tween these two factors is at a minimum. The entire effect is strongly tem perature dependent, as shown by the increase in the productivities with increased tem perature. Above Topt the peak appears to be more pronounced (Fig. 4) , decreasing rapidly in both directions. This clearly indicates the inhibiting influence of tem perature, both in the light limited and light saturated regions.
Optical Density
Dependence of growth intensity on 1/O.D.0 (Fig. 5) shows the typical hyperbolic rate dependence on light intensity with light-limited and saturated sections. The marked influence which tem perature below 7^pt has on the growth intensities can clearly be seen. Light saturation had probably not been reached at 30 °C. Above 7^pt, GI was strongly re duced due to the combined action of tem perature and light stress [8] , 
Discussion
The im portance of irradiance and tem perature interactions in determ ining growth intensity and productivity of microalgae is obvious from all data presented in this paper. For instance, growth inten sities at tem peratures just above 7^,pt depend on light availability, becoming more reduced as tem perature increases. This is clearly shown by the results of 34 and 35 °C (Fig. 5) and reminds of the findings by Sorokin and Krauss [14] , who found under constant illum ination that growth decreased sooner at higher light intensities above the optim al temperatures.
The activation energies of 34.82 to 83.35 kJ m ol-1 agree well with reported values for other algae, e.g. a mesophilic strain of Chlorella pyrenoidosa [3] and various M icrocystis species [15] (curves B and C). Christophersen [16] reported a general range o f 12.6 to 84 kJ mol-1 for heterotrophic microorganisms which grow in a normal tem perature range. These activation energies correspond to enzyme-catalyzed reactions. Above and below the normal tem perature range, much higher activation energies were found.
The deactivation energies varied between -367 and -965 kJ per mol which is again typical for enzyme-catalyzed reactions [17] . The same holds for the ratio between activation energy and deactivation Table III) .
According to Sorokin [3] activation energy in creases with an increase in the light intensity. Krüger and Eloff [18] found the opposite for M icro cystis sp. and explained it in terms of the possible higher light sensitivity of their test organisms. Our results displayed in Table III show both of these phenomena: the activation energy reached a m ini mum at an O.D.0 of 0.4, increasing in both direc tions, i.e. with more and less available light energy (see also Fig. 3,  values) . With an increase in activation energy, photosynthetic production must be assumed to work against a greater rate of counterreactions the exact nature of which is as yet open to speculation. It is well known that photo respiration is light dependent and increases with light intensity [19] . At a light availability higher than required for optimal productivity (Fig. 4) in creasing rates of photorespiration could be respon sible for the "m etabolic friction" which net photo synthetic production has to cope with. If, on the other hand, light availability becomes so restricted that an increasing statistical part of the algal population approaches the compensation point or even falls below it, dark respiration has to be made up for by increased gross production. This can work only at tem peratures at which the Q l0 of photo synthesis is larger than that of respiration as is generally the case within the physiologically benefi cial range of tem peratures. Another possible reason for the increased activation energy required at pro nounced light lim itation could consist in the per haps stressful cyclic travelling between light satura tion and extreme light lim itations in our highly turbulent cultures, where complete adaptation to a constant irradiance [20] cannot occur. The time scale of the cyclic travellings of cells in our cultures is in the order of seconds, i.e. much above the msec range required for the "flashing light effect" [21] .
The curves A -C in Fig. 1 present the stressed growth of Scenedesmus obliquus above 7^,pt. The slopes of the lines should represent the deactivation or death rate as applied in mathematical form ula tions of tem perature vs. growth. The decrease of the slopes in Fig. 1 and of the deactivation energies (Table III) with increasing initial O.D. indicate that the tem perature stress is less at higher biomass con centrations, i.e. at low light availability. This is contrary to the findings of Krüger and Eloff [18] who found that dense suspensions of Microcystis were more sensitive to light than less dense suspen sions. In their experimental set-up, C 0 2 could have been limiting at higher cell densities and that they in fact measured the result of a nutrient depletion.
For each initial biomass concentration (expressed as O.D.0) another Arrhenius equation could be produced to describe the tem perature dependence of growth intensity ( Fig. 1; Table III ), since the con stants vary considerably with external conditions for growth. Therefore, the interpretation of a single measurement of growth intensity vs. tem perature becomes almost meaningless. It could e.g. be con cluded that the positive tem perature response of Scenedesmus obliquus was low (see Table III , O.D.0 of 0.4) with a £)10 o f 1.66. On the other hand it could have been high (see Table III , O.D.0 o f 0.02 or 1.2) with a of 3.2. Since the £)10 value is the exponent of an exponential equation, the minute Q io values of tem perature deactivation (Table III) indicate an enormous tem perature sensitivity of the heat stress above
The m inimum of deactiva tion Qw at O.D.q = 0.10 is not statistically signifi cant (cf. the size of standard errors for deactivation energy in Table III) .
The observed interrelations between growth intensity, tem perature and available light as well as their satisfactory explicability by Arrhenius func tions may well reflect some im portant characteristics of tem perature response in algae, if not in plants, in general. However, the same strain for which we de scribed in this paper tem perature optim a of 3 1 -3 3°C , may be exposed to transient tem pera ture maxima of 45 °C under field conditions without being im paired [22] , Obviously constant laboratory conditions are not a reliable basis to predict correctly tem perature hardiness in nature.
We have studied the productivity of Scenedesmus obliquus (SAG 276-3a) also in large-scale mass cul tures under unm anipulated field conditions. A reli able prediction of biomass yields (g irT 2 d~') for a wide spectrum of climatic situations was only pos sible by incorporating the appropriate tem perature coefficients into the deterministic calculation model [6, 23] , If this is not done as, for instance, in the more simplified models of algal productivity [1] , the actual yields are grossly misestimated [23] .
Admittedly, massive populations of Scenedesmus are found in nature only in fishponds and other eutrophic, shallow waters, and tem perature coeffi cients for most other species and types of planktonic algae are unknown. However, the principles laid down in this paper for the tem perature response of autotrophic microalgal growth should be applicable to all cases in which productivity is not primarily limited by nutrient supply.
